Ecological risk assessments are often limited in their ability to consider metabolic transformations for fish species due to a lack of data. When these types of evaluations are attempted they are often based on parent chemical only, or by assuming similarity to available mammalian metabolic pathways. The metabolism maps for five pesticides (fluazinam, halauxifen-methyl, kresoxim-methyl, mandestrobin, and tolclofos-methyl) were compared across three species. A rapid and transparent process, utilizing a database of systematically collected information for rat, goat, and fish (bluegill or rainbow trout), and using data evaluation tools in the previously described metabolism pathway software system MetaPath, is presented. The approach demonstrates how comparisons of metabolic maps across species are aided by considering the sample matrix in which metabolites were quantified for each species, differences in analytical methods used to identify metabolites in each study, and the relative amounts of metabolites quantified. By incorporating these considerations, more extensive rat and goat metabolism maps were found to be useful predictors of the more limited metabolism of the five pesticides in fish.
Introduction
One aspect of species extrapolation for assessing ecological risk that can be relevant both to exposure and effects characterizations is understanding xenobiotic metabolism, both as a means of detoxification as well as bioactivation. Additionally, comparison of metabolism pathways across species serves to provide better understanding where similarities and differences exist in biotransformation reactions that may lead to enhanced toxicity. This can then serve as a basis for predicting metabolism for an untested species based on known metabolic maps for tested species. Where rules can be formulated for cross-species metabolism based on transformation pathways leading to enhanced toxicity or detoxification, predictions of altered susceptibility due to species differences in metabolism can be used to better evaluate risk where empirical metabolism data is lacking.
Due to data requirements under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) for the registration of pesticides, information on metabolic pathways is relatively rich for certain individual pesticides, pesticide classes and certain animal species. For example, for pesticides used on food crops, metabolism data collected following internationally harmonized guidelines is submitted to the United States Environmental Protection Agency (USEPA) by registrants as part of the pesticide registration process. Understanding metabolism across species for pesticide chemicals where the data exists will allow for the extrapolation of concepts and lessons learned to data poor species and chemicals. For example, the same type of systematically collected data is not as available for industrial chemicals, and is limited for most species.
Data submissions for registration or re-registration of pesticides, particularly for chemicals used on food products typically includes the submission of rat metabolism and pharmacokinetic data (https://www. epa.gov/pesticide-registration/data-requirements-pesticideregistration). Depending on the use scenario, there may be information required on pesticide residues (parent chemical and metabolites) in plants and/or residues in livestock species. For environmental assessments, in addition to standard toxicity test data submitted on the parent chemical there is typically guideline study data in environmental organisms submitted on environmental degradation processes. Environmental degradates may arise from a series of biotic or abiotic transformations for which there are more than a dozen guidelines specified. The required data submissions again depend on the proposed use of the chemical. However, amongst all this data there is seldom any information on fish tissue residues. Occasionally there will be a bioconcentration factor (BCF) study that includes some fish metabolism data but it is not a routine occurrence. Thus, assumptions have to be made which largely attribute any noted toxicity to the parent pesticide https://doi.org/10.1016/j.yrtph.2018.01.019 Received 21 September 2017; Received in revised form 18 January 2018; Accepted 20 January 2018 chemical form, or assume that metabolic pathways measured in a rat study will hold for other species, including fish.
An important part of pesticide chemical risk assessment is the identification of residues of concern. When residues of concern are identified they are based largely on rat metabolism, livestock metabolism residues (typically hen and goat), and/or plant metabolism residue studies. The question of how to use this information to predict potential residues or degradates of concern for environmental species is not often addressed. Thus, extrapolations are often based on very conservative assumptions and/or the use of comparative toxicity Quantitative Structure Activity Relationships (QSARs).
Ingestion of feed containing pesticides by farmed fish can lead to the uptake and occurrence of pesticide residues in fish products. The potential for pesticide residues to be passed through the food-chain to consumers has driven the European Union to publish new data requirements for fish as part of the pesticide approval process (European Union, 2009 . A working document on the nature of residues in fish has been prepared to provide guidance in conducting fish metabolism studies to quantify and characterize residues which may occur in the edible tissues of fish exposed to pesticides (European Union, 2013b) . Following that guidance, Sclechtriem et al. (2016) , have developed a standardized testing procedure to study pesticide metabolism by farmed fish in connection with residues in fish feed. As these required studies are eventually submitted in the regulatory process, they too may be used in the comparison of metabolic pathways between fish and other species.
Studying comparative metabolism across species can start to address how well rat metabolism data can predict metabolites (residues) in livestock and in particular in fish where there are very limited data. Assessing the information for representative chemicals across pesticide (R) , Goat (G), and Bluegill fish (F). Thicker arrows indicate major metabolites based on quantitative data. AMPA = 4-Chloro-6-(3-chloro-5-trifluoromethyl-2-pyridylamino)-α,α,α-trifluoro-5-nitro-m-toluidine MAPA = 2-Chloro-6-(3-chloro-5-trifluoromethyl-2-pyridylamino)-α,α,α-trifluoro-5-nitro-m-toluidine DAPA = 4-Chloro-2-(3-chloro-5-trifluoromethyl-2-pyridylamino)-5-trifluoromethyl-m-phenylenediamine. R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 chemical classes would provide information useful in: (a) determining when metabolism pathways are conserved between mammals and fish and consistent with environmental degradate patterns (to aid in assessing increased toxicity due to metabolites as well as inform bioaccumulation potential of toxic metabolites); and (b) understanding what residues and degradates can be excluded from a 'residues of concern' calculation thus reducing exposure and risk estimates. Better understanding of metabolic capability across taxa may also help explain differences in vulnerability across taxa. Investigations into cross-species metabolism to help address basic assumptions, and the building of models that predict metabolite formation across species would decrease the uncertainties in risk assessments for ecological species, particularly where metabolism is characterized as a major uncertainty. This paper summarizes metabolism data on five pesticide chemicals from guideline studies for three species: rat, goat and fish, and presents an approach to comparing metabolism across species as a means to detect important similarities or differences in vertebrate metabolism.
Methods
Data from pesticide experimental studies are submitted by registrants to various regulatory agencies for assessment and approval as part of the pesticide registration process. Summaries prepared by regulatory agencies of specific experimental data supporting risk assessments for each chemical and guideline type may be presented as a Data Evaluation Record (DER) in the USEPA and Canadian Pest Management Regulatory Agency (PMRA), or as a Draft Assessment Report (DAR) for European submissions under the auspices of the European Food Safety Authority (EFSA). Pesticide metabolism data for rat, goat and fish produced by registrants/submitters following internationally harmonized test guidelines was extracted from study summary reports in the public domain for the work presented here: Pesticide registrant studies submitted to regulatory authorities are kept as confidential business information until a pesticide is registered and data is released. The pesticide study summaries used in this analysis were found in the public domain. Data may be found in EFSA public versions of DAR's (http://www.efsa.europa.eu); from the Food and Agriculture Organizations (FAO) of the United Nations at http://www. A metabolism pathway tool, MetaPath (Kolanczyk et al., 2012) , for building metabolism databases and with efficient and targeted tools for analyzing metabolism data, was used in this project. MetaPath is publicly available through the OECD QSAR Toolbox download (http:// www.oecd.org/env/ehs/risk-assessment/oecd-qsar-toolbox.htm). Metabolism study summary data for three species, rat, goat, and fish (either bluegill sunfish or rainbow trout) for five pesticide chemicals, fluazinam, halauxifen-methyl, kresoxim-methyl, mandestrobin and tolclofos-methyl were collected from the public domain and added to a MetaPath database. The pesticide parent chemical and the metabolites identified in each study were coded in the database as individual chemical structures with assigned connectivity resulting in the depiction as a map, or pathway, that could be visually compared to metabolic pathways of the same chemical in the other species. The meta-data associated with each study and the generated metabolism map was also captured to understand the origin of the data, the experimental design, chemical, species, and concentrations tested; the sample matrices analyzed; the analytical chemistry techniques used to identify metabolites; references, etc.
Metabolism assays for rat, goat and fish result in different sample Table 1 Distribution of Fluazinam and metabolites in the various matrices across three species (ECHA, 2008; EFSA, 2006a,b,c) .
matrices that are designed to answer questions specific to the purpose of each guideline. For example, the fish and goat muscle samples reflect the desire to characterize residues found in a food source entering the human food chain while in the rat studies, excreta (urine and feces) are monitored to obtain toxicokinetic information and assist in mass balance. The rat data entered following guideline study 870.7485 are designed to examine the toxicokinetics of a chemical substance to obtain information on its absorption, distribution, metabolism and excretion in relation to toxicity tests on the same species. The metabolism data provides useful information for assessing the toxicological significance with respect to bioactivation or detoxification attributable to metabolites of the parent chemical. Studies generally include groups of at least four male and female rats (6-12 weeks old), exposed to a 14 C-radiolabeled single high and low concentration of each chemical for 168 h. The high dose, selected to be at a level lower than the LD 50, and low dose at a fraction of the high dose were administered by oral gavage. Metabolites > 5% of administered dose were characterized in excreta and sometimes in bile, blood/plasma, kidney and liver if appropriate. Any deviations from the typical experimental design and matrices collected for the identification of metabolites is included in the Results presented for each pesticide.
The goat studies designed to detect residues in a lactating ruminant following Test Guideline 860.1300 measure the parent chemical and metabolites for potential transference to consumers through the consumption of edible organs, tissues, and milk. An estimate of total residues found in the edible livestock commodities as well as disposition to the excreta are provided. The dosage used in livestock oral metabolism studies is the approximate level of exposure expected from the feeding of treated crops. A single female goat is orally dosed daily for five days with 14 C radiolabeled test chemical. Excreta and milk are sampled twice a day and muscle (loin and flank), liver, kidney and fat taken at sacrifice, 6-12 h after the last dose. Metabolite level of 0.05 mg/kg or 10% of total radioactive residue is the threshold for identification. Any deviations from the typical experimental design are included in the Results presented for each pesticide. Metabolic pathway information for fish is relatively limited. Thus a concerted effort was made to procure fish metabolism maps associated with fish bioaccumulation guideline studies (850.1730) . If the BCF is to be based on the parent chemical, the major metabolites should be characterized at the end of the uptake phase of the test. Major metabolites are defined as those which represent ≥10% of the total radioactive residue or ≥5% at two consecutive sampling points. Studies added to the database were primarily conducted on bluegill sunfish (Lepomis macrochirus) and rainbow trout (Oncorhynchus mykiss). The typical bioaccumulation guideline study includes exposure of enough (R) , Goat (G), and Bluegill fish (F). Thicker arrows indicate major metabolites based on quantitative data. X11406790 = methyl 4-amino-3-chloro-6-(4-chloro-2-fluoro-3-hydroxyphenyl)pyridine-2-carboxylate. X11449757 = 4-amino-3-chloro-6-(4-chloro-2-fluoro-3-hydroxyphenyl)-pyridine-2-carboxylic acid.
fish of mixed gender sufficient to provide at least four fish when sampling each time point. One or two concentrations of 14 C-labeled test chemical in the range of 0.001-0.030 mg/L were delivered via water uptake for at least 28 days. The parent chemical and any identified metabolites were measured in two sample matrices, the fillet or edible tissue, which includes body, muscle, skin, skeleton, and the non-edible viscera which includes the head, fins, and internal organs. Again, any deviations from the typical experimental design are included in the Results presented for each pesticide.
A systematic search for available fish metabolism associated with bioaccumulation studies was performed on the USEPA proprietary data repository (Prism Documentum). Fish metabolism studies were then selected for chemicals that also had rat and goat study data readily available. Consideration was given to those pesticides with study summary data available in the public domain as found on the EFSA site containing public versions of study summaries.
Results
A process for simplifying species comparisons and focusing on commonalities in metabolic reaction types was developed by examining metabolites found in each species and then making multiple comparisons across species. The analysis was rapidly achieved by use of the following MetaPath data analysis tools; Highlight Treatment Group, General Search Query, Map Comparison, and Map Extraction (Kolanczyk et al., 2012) .
Fluazinam metabolism in the bluegill, rat, and goat
Biotransformation of the pyridine fungicide, fluazinam at 0.001 mg/ L water exposure for 28 days, in the bluegill resulted in metabolites formed through reduction of the nitro groups either ortho to the chlorine, MAPA, or para to the chlorine substituent, AMPA (EFSA, 2006a; ECHA, 2008) . Further reduction of the second nitro group gives rise to the di-amino metabolite DAPA (Fig. 1) . No cleavage of the amine linkage between the two ring system of fluazinam occurred.
Urine, feces and bile were examined for metabolites in a rat study conducted with high (50 mg/kg) and low (0.5 mg/kg) oral doses of Fluazinam (EFSA, 2006b). Comparison of bluegill and rat fluazinam metabolic maps is shown in Fig. 2 . The figure depicts the metabolic map of bluegill on the left and the rat on the right. Structures within green boxes are common to the metabolic maps of both species, while those in red boxes are exclusive to that species, and tan boxes represent phase II conjugates. Metabolites common to both species are AMPA and DAPA. The bluegill metabolite, MAPA, was not found in the rat study and AMPA-mercapturate was not found in the bluegill. Additionally, cysteine and glucuronide conjugates of DAPA were found exclusively in the rat metabolism study.
Female goats were administered Fluazinam at a rate of 9 mg/kg daily for four days to study metabolism (EFSA, 2006c) . Comparison of the bluegill and goat studies agree in that both species produce the mono-amine AMPA and di-amino DAPA (Fig. 3) found in multiple matrices including muscle. The bluegill study reports the alternate mono-amine structure MAPA which was not found in the goat. The goat R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 study gave rise to exclusive AMPA-isomer which was a major acid hydrolysis product obtained by rearrangement of AMPA under acid conditions. Not found in the bluegill, the goat study also reports sulfamate conjugates of both AMPA and DAPA. The distribution of fluazinam and metabolites in various matrices across the three species is summarized and shown in Table 1 . Presence of metabolite is designated by an X in the respective column. Major metabolic pathways and respective metabolites are represented in the overall metabolic map ( Fig. 1 ) by thicker arrows.
Halauxifen-methyl metabolism in the bluegill, rat, and goat
The pyridine carboxylic acid ester herbicide, Halauxifen-methyl, undergoes esterase cleavage to the free acid Halauxfen in the bluegill sunfish dosed at 0.002 and 0.02 mg/L water for 28 days (Fig. 4) (EFSA, 2013a) . The other major route of metabolism is the O-dealkylation of Halauxifen-methyl to the free phenol, X11406790. Both Halauxifen and X11406790 can produce the free acid, free phenol X11449757 via Odealkylation and de-esterification respectively. Subsequent to these phase I reactions are the formation of numerous phase II O-glucuronide Table 2 Distribution of Halauxifen-methyl and metabolites in the various matrices across three species (EFSA, 2013a,b,c) . Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 Fig. 7 . Overall metabolic map for Tolclofos-methyl for Rat (R) , Goat (G), and Bluegill fish (F). Thicker arrows indicate major metabolic pathways based on quantitative data.
R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 and sulfate conjugates. Additionally, an N-glucuronide conjugate of Halauxifen-methyl was also observed in the bluegill (Fig. 4) . A metabolism and pharmacokinetics study was done on rats dosed orally with 10 mg/kg Halauxifen-methyl (EFSA, 2013b). Comparison of bluegill versus rat metabolic maps provided a reasonably good correlation of biotransformation products (Fig. 5) . The free acid, Halauxifen and its glucuronide conjugate are found in both species. The O-dealkylated Halauxifen-methyl (X11406790) was only found in the bluegill map as were the subsequent sulfate and glucuronide conjugates. However, the O-dealkylated free acid (X11449757) was found in both studies. The rat map included sulfate and glucuronide conjugates for X11449757 that were not observed in the bluegill.
Lactating goats were exposed to a 10 mg/kg oral dose of Halauxifenmethyl for four days (EFSA, 2013c) . A very good correlation was observed when bluegill and goat metabolic maps for Halauxifen-methyl were compared (Fig. 6 ). Muscle tissue was not specifically measured in goats, therefore the complete maps including all matrices were compared. The free acid Halauxifen, X11406790 O-dealkylation product and the O-dealkylated free acid X11449757 were all found in the maps of both species. Differences between the two pathways revolved around the specific respective conjugates that were observed for each species.
Distribution of Halauxifen-methyl and metabolites in the various matricies across three species is shown in Table 2 . Major metabolic pathways are represented in the overall metabolic map for Halauxifenmethyl (Fig. 4) by thicker arrows.
Tolclofos-methyl metabolism in the bluegill, rat, and goat
Routes of biotransformation in bluegill sunfish of the organothiophosphate fungicide, Tolclofos-methyl (TM) via water exposure at 0.03 mg/L (EFSA, 2005a) include oxidative desulfuration to the oxon, TMO (Fig. 7) . Cleavage of the phosphate ester of both parent TM and TMO to the phenol (Ph-CH3) was assumed to have occurred. Hydroxylation of the phenyl-ring methyl group produced the benzyl-alcohol of both TM and TMO as presumed intermediates TMO-CH2-OH and TM-CH2-OH. The benzyl alcohol Ph-CH2-OH resulting from oxidation of Ph-CH3 was observed as a quantifiable metabolite. Further oxidation of the benzyl-alcohols of both TM and free phenol Ph-CH3 result in formation of the aldehydes Ph-CHO and TM-CHO. The complete oxidation of Ph-CHO forms the carboxylic acid Ph-COOH. Of the residues found in bluegill tissues, 79-81% in fillet and 39-46% in viscera were attributed to parent chemical.
The metabolism of high (200 mg/kg) and low (5 mg/kg) dose Tolclofos-methyl in the rat resulted in the identification of ten metabolites (Fig. 7) (EFSA, 2005b,c) . A comparison of bluegill and rat metabolic maps for Tolclofos-methyl was performed using the map comparison feature in MetaPath (Fig. 8) . Results of the map comparison are essentially captured in Fig. 7 and depicted as those structures marked with an "F" and/or "R" to denote presence of the metabolite in the respective fish or rat map. Major differences between species include demethylation of the phosphate esters of TM and TMO in the rat, but not bluegill. The aldehydes Ph-CHO and TM-CHO found in the bluegill map were not found or listed as intermediates in the rat map but could perhaps be considered as intermediates in the path from benzyl alcohol to benzoic acid. TMO, found as a quantifiable metabolite in the bluegill was listed as an assumed intermediate in the rat map.
Female goats were administered Tolclofos-methyl at a rate of 10 mg/kg for four days to study metabolism (EFSA, 2005d) . A comparison of the bluegill and goat metabolic pathways including all Table 3 Distribution of Tolclofos-methyl and metabolites in the various matrices across three species (EFSA, 2005a,b,c,d Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 matrices resulted in all the fish metabolites to be found in the goat map (Fig. 9 ). In the goat as in the fish, formation of TMO was actually observed in contrast to the rat, where it was an assumed intermediate. A matrix comparison between the bluegill fillet and goat muscle could not be attempted as no muscle metabolites were identified in the goat study. Additionally, the aldehydes found in the bluegill, Ph-CHO and TM-CHO, were also found in the goat. As in the rat comparison, demethylation of the phosphate ester was also found in the goat but not the bluegill. A glycine conjugate of Ph-COOH was found in the goat but not in either bluegill or rat. The three main types of transformation as expected for organothiophosphates; oxidative desulfuration, phosphate de-esterification 
R.C. Kolanczyk et al.
Regulatory Toxicology and Pharmacology 94 (2018) 124-143 cleavage, and phosphate ester demethylation of Tolclofos-methyl are demonstrated across the three species examined. The majority of the residue found in the fish was the parent Tolclofos-methyl in both fillet (80%) and viscera (43%). The distribution of Tolclofos-methyl and metabolites in various matricies across three species is shown in Table 3 . In contrast, a majority of the radioactivity for both the rat urine and feces and goat sample matrices was found as metabolites rather than parent chemical. More specifically the nature of those metabolites involves the O-demethylation of the methoxyphosphate esters, shown as DM metabolites in Table 3 . Further inspection shows the DM metabolites were found in urine which for this chemical was not a good matrix comparison for the fillet or viscera tissue residues of the fish. When considering a more appropriate sample matrix for comparison, liver, kidney, milk and feces of the goat as a composite sample would be R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 close to that which comprises the viscera of the fish. The differences observed in comparing fish to rat or goat might be explained by analysis of sample matrix.
Kresoxim-methyl metabolism in rainbow trout, rat, and goat
An overall cross-species metabolic map for kresoxim-methyl (BAS 490 F), a strobin fungicide, in rat (R), goat (G), and fish-trout (F) is presented in Fig. 10 . For clarity phase II glucuronide and sulfate conjugates were omitted from the scheme. The complete map includes 4 metabolites for fish, 32 for rats, and 9 for goats.
Fish metabolism was measured in association with a bioaccumulation study of kresoxim-methyl in rainbow trout (EFSA, 2010a). Trout were exposed to 0.025 mg/L kresoxim-methyl in water for 28 days and the residues found in fillet and viscera tissues were identified. Metabolic pathways observed in the rainbow trout include the direct aromatic ring-hydroxylation of the cresyl-ring of kresoxim-methyl to structure 490M15 (Fig. 10) , and the hydrolysis of the methyl ester to form the free acid 490M01, followed by either aromatic ring-hydroxylation of the cresyl-ring (490M09), or alkyl-hydroxylation of the phenylmethyl group (490M02). Of the residues found in rainbow trout tissues, 72-82% in fillet and 40-45% in viscera were attributed to parent chemical.
Metabolism of kresoxim-methyl in the rat dosed at 50 and 500 mg/ kg involved a much more extensive and complex pathway involving 32 detected metabolites and six reaction types; (1) cleavage of the ester to 490-M01 (Fig. 10) , (2) cleavage of the oxime ether (490-M11), (3) cleavage of the benzyl ether(490-M16; Intermediate 1), (4) aromatic ring hydroxylation of the cresyl-ring (490-M15), (5) alkyl-hydroxylation of the phenylmethyl group (490-M24), (6) subsequent oxidation of the formed benzyl-alcohol to a carboxylic acid (490-M05) (JMPR, 1998a,b; EFSA, 2010b,c) .
The rainbow trout metabolic map was compared to that submitted for available rat studies utilizing the Map Compare feature within MetaPath to visualize metabolite similarities and differences across metabolite structures. Results of the map comparison are essentially captured in Fig. 10 and depicted as those structures marked with an "F" and/or "R" to denote presence of the metabolite in the respective fish or rat map. The rat map has many additional pathways not found in the fish map such as cleavage of the oxime (490-M11) and benzyl ethers (490-M16, Intermediate 1) and thus does not provide a good correlation when considering absolute numbers of metabolites. Of note is a pathway involving four smaller structures as a result of cleavage reactions, shown on the left side of Fig. 10 labeled as intermediates. These structures were not directly observed in the rat study but their subsequent metabolite or phase II conjugates were. Closer inspection of quantitative data for metabolites identified in the study in rat plasma, liver and kidney (Table 4) indicate the major routes of biotransformation in the rat are cleavage of the ester to the free acid (490-M01) followed by hydroxylation (490-M09) or alkyl-hydroxylation of the phenylmethyl (490-M02). Additional quantitative data for rat excreta found under the table look-up feature in MetaPath (identical to Table 4) support the formation of 490-M15 via aromatic ring-hydroxylation as a predominant pathway. When considering only the major pathways R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 supported by the quantitative data, as shown by heavier arrows which represent > 5-10% TRR in Fig. 10 , biotransformation pathways across rat and trout appear to be well-conserved. The sample matrix in which metabolites are measured should be considered when drawing comparison between species. The fish metabolism measurements done with bioaccumulation studies generally includes fillet (edible tissue), which includes body, muscle, skin, skeleton, and the viscera (non-edible tissue), which includes the head, fins, and internal organs. In contrast, rat studies typically measure metabolites in excreta, i.e., urine, feces and bile. However, in livestock residue studies with goat, a lactating ruminant, metabolites are measured in edible organs and tissues as well as in milk. Additional map comparisons were performed to determine if metabolites found in more similar sample matrices, goat tissue and fish tissue, are comparable.
The complete metabolic pathway for Kresoxim-methyl dosed at 25 mg/kg/day in the goat (edible organs and tissue and milk compartments) (EFSA, 2010d) was compared to that of the rainbow trout (edible and non-edible compartments). All of the fish metabolites are found in the goat map as major pathways (Fig. 11 green boxes) . These reactions include cleavage of the methyl ester bond to the free acid (490-M01) followed by either aryl-hydroxylation of the cresyl-ring (490-M09) or alkyl-hydroxylation of the phenylmethyl group (490-M02). In addition, aryl-hydroxylation was observed without cleavage of the ester methyl (490-M15). As with the comparison of rainbow trout and rat maps, the comparison with goat map resulted in differences in minor metabolic pathways. Exclusive to the goat and not found in the trout or rat were tranformations including cleavage of the oxime ether (490-M18) and conjugation with glycine (490-M19). Also observed as a minor pathway in the goat and rat but not fish, was cleavage of the benzyl ether linkage (490-M06) (Figs. 10 and 11) .
Species comparison were then performed with more closely matched sample matrices. The metabolic maps for rainbow trout fillet and goat muscle were extracted using the Extract/Merge functionality within MetaPath. The resulting kresoxim-methyl trout and goat muscle tissue maps are shown in Fig. 12 . The observed metabolites in the wellmatched matrix are in agreement for the major metabolic pathways, with only two additional minor metabolites detected in the goat including the glycine conjugate (490-M19) and cleavage of the oxime ether (490-M18).
An examination of the quantitative data to identify the major metabolic routes, and the extraction of metabolites specific to a common sample matrix was achieved by use of the MetaPath table lookup feature 'Result,met.', and the map 'Extract/Merge' and 'Map Compare' tools. Thus, despite the complexity of the overall map in Fig. 10 , it was determined that the major metabolites of kresoxim-methyl in rat, goat, and fish are 490-M15, 490-M01, 490-M09 and 490-M02, and that the metabolic transformations for this strobin compound are well conserved across these species. The distribution of Kresoxim-methyl and metabolites in the various matrices across three species is shown in Table 5 .
Mandestrobin metabolism in the bluegill, rat, and goat
Identification of residues in fillet and viscera tissues of bluegill sunfish exposed to the strobin fungicide, Mandestrobin (Benzyl-14C)S-2200, was done in association with a bioconcentration study (EFSA, 2014a) . Metabolic pathways observed in the bluegills include alkylhydroxylation of either methyl group on the phenoxy ring (2-CH 2 -OH- Table 5 Distribution of Kresoxim-methyl and metabolites in the various matrices across three species (EFSA, 2010a,b,c,d (S2200) and 5-CH 2 -OH-(S2200)) and aromatic ring-hydroxylation of the benzyl ring (4-OH-(S2200)) of mandestrobin (Fig. 13) . These are the same types of metabolic transformations seen in the rainbow trout with the strobin kresoxim-methyl, and are conserved across species. Although hydroxylated metabolites were not directly observed in the study, the sulfate and glucuronide conjugates of all three products were found in both the fillet (edible) and viscera (non-edible) tissues exposed at high (10 μg/L) and low (1 μg/L) water concentrations of mandestrobin for 28 days (Fig. 14) . Identification of sulfate and glucuronide conjugates of the three hydroxylated metabolites was determined by enzymatic hydrolysis. Mandestrobin was stable in water but was rapidly and extensively metabolized in fish. Some minor unidentified metabolites were also reported but the hydroxylations followed by phase II conjugation were the major metabolic pathways described for bluegills. 
R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 A dual radiolabel study was conducted on rats with single low (5 mg/kg), single high (1000 mg/kg), and multi-dose (5 mg/kg) oral administration of mandestrobin (EFSA, 2014b,c) . The proposed hydroxylation products 2-CH 2 -OH-, 5-CH 2 -OH-and 4-OH-mandestrobin of the fish study were observed in the rat. However, of the possible sulfate and glucuronide conjugates, only the glucuronide of 4-OH was detected in the rat. A comparison of bluegill sunfish (F) versus rat (R) mandestrobin metabolism is depicted in the overall scheme (Fig. 13) . As shown in the figure, mandestrobin was more extensively metabolized in the rat than the fish. In comparison to the fish pathways, additional routes and metabolite identification involving further oxidation of hydroxylated parent to 2-COOH-(S2200) and 5-COOH-(S2200), demethylation to MCBX, and cleavage reaction (De-Xy-(S2200)) are shown. The primary routes of metabolism in the rat were oxidation and subsequent glucuronidation, demethylation with subsequent oxidation, and oxidation with subsequent demethylation.
The metabolism of mandestrobin administered orally at 35 mg/kg/ day for four days to lactating goats measured in milk, organs, and tissues in a dual label study proceeds via a series of hydroxylations and oxidations, N-demethylation, O-demethylation, ether hydrolysis and glucuronide conjugation (EFSA, 2014d) . Hydroxylation of the phenoxyring gives 4-OH-, and hydroxylation of the methyl groups on the phenoxy-ring gives 2-CH 2 OH-and 5-CH 2 OH-mandestrobin as was indirectly observed in the fish. Three of the six fish conjugated metabolites (2-CH2-OH-gluc, 2-CH2-OH-sulfate, and 4-OH-gluc) were observed in the goat. The 4-OH-gluc was identified by LC-MS while the 2-CH2-OH-gluc and 2-CH2-OH-sulfate were indirectly shown by acid hydrolysis. Additional metabolic pathways found in the goat include the following reactions. Further oxidation of the hydroxymethyl groups to the carboxylic acid gives 2-COOH-, 5-COOH-and 5-CA-2-HM-. Hydroxylation also occurs on the N-methyl group, to give 5-CA-NHM and 5-CA-2-HM-NHM. Hydrolysis of the phenoxy ether link yields De-Xy-. Ndemethylation of 5-COOH-results in the formation of 5-CA-NDM, while O-demethylation of mandestrobin results in the formation of MCBX. Similar to the rat/bluegill comparison, the bluegill and goat maps for all matrices measured appears to show a large difference in number and types of metabolites (Fig. 15) . When comparing muscle only maps (Fig. 16) there is much more agreement, especially when accounting for the single metabolite De-Xy-displayed six times in the goat muscle map. The additional metabolites found in goat muscle are 5-CA-2-HM-, 5-COOH-, 2-COOH-, and De-Xy-.
The analytical methods used for metabolite identification were identical in the rat and goat studies but different from that used in fish, which could be another source of discrepancy when comparing metabolism studies. The rat and goat studies relied on retention-time match to authentic standards using HPLC and additional confirmation with LC-MS. The goat versus rat maps show a large agreement in terms of major pathways and shared common metabolites (Fig. 13) . The fish study also utilized HPLC retention-time match but with thin-layer chromatography (TLC) methods in support. The fish study also reported R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 several minor metabolites whose identification and characterization were not attempted which, if identified, may have resulted in confirmation of more similarity in metabolites. The distribution of Mandestrobin and metabolites in the various matrices across three species is shown in Table 6 .
Discussion
The three species guideline studies examined here all provide metabolic maps for in vivo xenobiotic exposures. Unlike studies in the open literature, these guideline studies follow a specific protocol which provides more consistency for data comparisons. When comparing metabolic maps across species, several considerations arise. The disposition of metabolites in body compartments and excreta and thus the ability to detect them may also be dependent on the sample matrix analyzed. For instance, in the fish bioaccumulation guideline study the residues (metabolites) are analyzed in two compartments, the edible fish fillet consisting of muscle tissue and the adjoining skin and ribcage, and the non-edible tissue inclusive of head, fins and internal organs. In contrast, the rat studies report metabolites that are eliminated in the urine, feces, and bile. Only occasionally are metabolites identified in plasma or internal organs of the rat. Therefore, the matrix correlation between fish and rat studies is not ideal; the rat guideline studies are meant to emulate what might happen in humans upon exposure to the pesticide while the fish study determines residues present in edible fillets that might be consumed. The goat metabolism studies are designed to model transference of pesticide and metabolites into potential food products. For this lactating ruminant, the milk, muscle, fat, liver, and kidney are typically analyzed for metabolites. In addition, the blood, gastrointestinal tract, bile, urine and feces are sometimes examined for metabolite identification.
Another consideration is the analytical methods employed to determine metabolites in the various matrices. For example, more recent studies utilizing LC-MS/MS analysis could provide identification and quantification of metabolites not previously possible using less exacting TLC methods used in many older studies.
Metabolism of the pyridine fungicide Fluazinam in the bluegill involved an initial reduction of either of the nitro groups to AMPA or MAPA, followed by complete reduction of both to DAPA (Fig. 1) . Neither rat or goat map confirmed MAPA as a metabolite but the path through AMPA and DAPA was demonstrated. The exclusive appearance of MAPA in the bluegill would indicate a species difference. The rat and goat studies provided glucuronide, sulfamate, and cysteine conjugates to the overall Fluazinam map. As shown in Table 1 , the conjugates found in the rat and goat were found in the excreta, bile and milk of the respective species. Conjugates were found in the goat liver and kidney tissues. As was shown previously in the kresoxim-methyl comparison there appears to be a better sample matrix match between goat muscle and fat with the bluegill fillet and viscera whereby conjugates were not found in the fluazinam exposure.
The esterase cleavage of the pyridine carboxylic acid ester herbicide Halauxifen-methyl to the free-acid Halauxifen was observed in all three species. The other major route of metabolism, the O-dealkylation of Halauxifen-methyl to the free phenol, X11406790, was only directly R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 found in the bluegill and goat studies. The free-acid, phenol structure X11449757 was observed for all three species and could be produced through either the Halauxifen or X11406790 intermediates in the bluegill and goat. However the production of X11449757 was shown to occur exclusively through the Halauxifen path in the rat. Upon consideration of phase II conjugates, both the rat and goat maps contribute towards an overall map and understanding of possible glucuronide and sulfate formation. Together, both the rat and goat maps provide a good estimate of the metabolites that might be expected in the fish.
In the bluegill study with Tolclofos-methyl, the majority of residues recovered were parent chemical. However, two of the three main types of transformations expected for organothiophosphates, an oxidative desulfuration and a phosphate de-esterification cleavage, were demonstrated in all three species, whereas the demethylation of the phosphate ester was only shown in the rat and goat. Differences in metabolites identified could perhaps also be due to matrices analyzed. It was particularly notable that many metabolites not found in fish were found in rat and goat urine and feces samples, a compartment not collected in residue analyses done in conjunction with fish bioaccumulation studies.
The metabolic pathways observed in the rainbow trout for Kresoxim-methyl include either (1) the direct aromatic ring-hydroxylation of the cresyl-ring to structure 490M15 or (2) hydrolysis of the methyl ester to form the free acid 490M01, followed by either aromatic ring-hydroxylation of the cresyl-ring (490M09) or alkyl-hydroxylation of the phenylmethyl group (490M02) of kresoxim-methyl. Although there were many other minor metabolites established for both rat and goat, the quantitative data showed the major pathways for these species to include the metabolites mentioned above for rainbow trout. Thus, the major metabolites measure in rat and goat maps were shown to be good predictors for the more limited metabolic pathways in the trout. It was also shown that metabolites detected in goat and fish muscle tissue were comparable for this strobin.
Similarly, alkyl-and ring-hydroxylations also occurred for the other strobin fungicide examined, Mandestrobin, where again either rat or goat maps could predict the fish metabolites when limited to the major metabolic routes. However, in the fish there was no apparent oxidation of the alcohol groups to the carboxylic acids as seen in both rat and goats. Additional demethylation and cleavage reactions pathways included in the more complex rat and goat maps were not found in fish.
Summary
The metabolic pathways from tissue residue measurements associated with fish bioaccumulation studies, were generally represented very well by the major metabolism pathways in the rat and goat biotransformation studies. However, there are some limitations and concerns. The five chemicals compared in this exercise had a Log Kow range of 3.1-4.6. Limited data for fish metabolism in pesticides with low Log Kow exists as the associated bioaccumulation studies are generally only initiated with a chemical Log Kow ≥3. Upon comparison of the fish data to rat and goat, sample matrix appears to be an important consideration. Although most often minor metabolites, many more metabolites are observed in the mammalian maps as compared to fish. Urine (rat and goat), bile (rat), liver (goat) and kidney (goat) matrices are likeyl to be enriched in metabolites relative to most other tissues such as muscle/fillet (fish). Viscera samples of the fish also contain some of the tissues that tend to concentrate metabolites, R.C. Kolanczyk et al. Regulatory Toxicology and Pharmacology 94 (2018) 124-143 however identification of metabolites could be diluted by inclusion of other tissues that do not concentrate metabolites. In most cases, researchers performing these studies are unlikely to try to identify metabolites in a given matrix unless a significant amount of radioactivity (> 5%) is present as something other than parent. When considering these limitations, there is uncertainty regarding the true extent of agreement or disagreement in the metabolic disposition of these five compounds in fish, rats, and goats. The relatively high percentage of parent chemical identified in the tissue residues of fish as compared to rat or goat could be of concern in instances where the parent chemical is more toxic than metabolites, or where metabolism leading to greater overall elimination of a chemical residue is erronously assumed.
The metabolic maps portrayed within MetaPath include the ability to apply expertise tags on individual structures to indicate whether it is an assumed intermediate [CIT] not necessarily found in the study or if some aspect of structural interpretation was applied through expert judgement [EXJ] . In addition tags may be affixed to indicate whether a tolerance expression exists [TE] or if that structure is considered a residue of concern [RC] in the risk assessment. For example Kresoximmethyl and its acid metabolites; 490-M01, 490-M02, and 490-M09 are regulated residues for which tolerances are expressed in plants, livestock and water. Halauxifen, X11449757, and 11406790 are regulated metabolites of Halauxifen-methyl. In these two examples the residues of concern coincide with the major metabolic pathways (thicker arrows) as indicated in Figs. 4 and 10. However the residues of concern is not always exclusively based upon the major routes of metabolism. Pesticide application with respect to food use and residential areas must also be a consideration. For example, Tolclofos-methyl is used primarily as a non-food use seed treatment. The seeds treated with Tolclofos-methyl did not take up the test substance residue and therefore for this application there was no residue of concern or tolerance.
The process presented herein represents a rapid and transparent approach to comparing metabolism across species using a tool built to facilitate the analyses. Future efforts will involve species comparison of more diverse chemicals as well as starting to approach the issue from a chemical class perspective to identify areas where true species differences in metabolism could result in significant uncertainties in risk assessments that are not confounded by differences in the matrix analyzed or analytical detection method used. Once hypotheses of differential metabolism are raised, experimental systems are available to further sort questions of sample matrix or analytical chemistry missmatches from those of true species differences in metabolic capabilities. These include systems that allow monitoring of all elimination routes in fish (e.g., bile, urine, feces, gill water) as well as in vitro and ex vivo systems optimized for study of fish biotransformation pathways that will allow better characterization of fish metabolism to facilitate these types of species comparisons.
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